The cleavage of the autotransporter adhesin involved in diffuse adherence (AIDA-I) of Escherichia coli yields a membraneembedded fragment, AIDAc, and an extracellular fragment, the mature AIDA-I adhesin. The latter remains noncovalently associated with AIDAc but can be released by heat treatment. In this study we determined the mechanism of AIDA-I cleavage. We showed that AIDA-I processing is an autocatalytic event by monitoring the in vitro cleavage of an uncleaved mutant protein isolated from inclusion bodies. Furthermore, by following changes in circular dichroism spectra and protease resistance of the renaturated protein, we showed that the cleavage of the protein is correlated with folding. With site-directed deletions, we showed that the catalytic activity of the protein lies in a region encompassing amino acids between Ala-667 and Thr-953, which includes the conserved junction domain of some autotransporters. With site-directed point mutations, we also found that Asp-878 and Glu-897 are involved in the processing of AIDA-I and that a mutation preserving the acidic side chain of Asp-878 was tolerated, giving evidence that this carboxylic acid group is directly involved in catalysis. Last, we confirmed that cleavage of AIDA-I is intramolecular. Our results unveil a new mechanism of auto-processing in the autotransporter family.
Monomeric autotransporters, secreted by the type Va secretion pathway, constitute one of the largest family of secreted proteins in Gram-negative bacteria (1) . Various virulence attributes have been associated with most autotransporters, such as adhesion or invasion, self-association, biofilm formation, serum resistance, and cytotoxic activity to name just a few (2, 3) . Autotransporters are synthesized as pre-proproteins with modular organizations. An N-terminal sec-dependent signal sequence permits the secretion of the protein across the inner membrane (4) . A C-terminal membrane-embedded domain promotes secretion of parts of the protein across the outer membrane and is composed of a ␤-barrel and a ␣-helix spanning its lumen (5, 6) . The central domain of the protein is, thus, extracellular and bears its functional part. In some cases the extracellular part of the protein is cleaved and remains associated with the outer membrane or is secreted in the extracellular milieu. Directly preceding the membrane-embedded domain, a functional subdomain of ϳ100 amino acids is sometimes present in the extracellular domain and has been called the junction region (also named autochaperone domain or stable core) (7) (8) (9) . This region is essential for stabilizing the ␤-barrel and/or to promote folding of the extracellular domain (7) (8) (9) .
The adhesin involved in diffuse adherence (AIDA-I) 3 is a monomeric autotransporter that has been extensively studied. AIDA-I was originally identified as a plasmid-encoded protein from a diffusely adhering Escherichia coli strain isolated in a case of infantile diarrhea (10) . This adhesin was then shown to play a role in neonatal and postweaning diarrheal diseases in piglets, both of which cause major economic losses in farms worldwide (11) (12) (13) . Besides its role as an adhesin, AIDA-I has been shown to mediate self-association and biofilm formation (14) as well as invasion of epithelial cells (15) . Additionally, this protein undergoes a modification that is rare in bacteria, as it is O-glycosylated by the specific cytoplasmic protein autotransporter adhesin heptosyltransferase (Aah) (16, 17) . AIDA-I has been suggested to be a member of a new group of autotransporter called self-associating autotransporters, which includes the Ag43 aggregation factor and the TibA invasin (18) .
After secretion at the cell surface, the extracellular domain of the protein, called mature AIDA-I, is cleaved from the C-terminal domain, called AIDAc, which encompasses the ␤-barrel, the ␣-helix, and the junction region (19, 20) . Mature AIDA-I, however, remains strongly associated with AIDAc (15) . The processing of AIDA-I is neither essential for the multiple functions of the protein nor for its stability (15) . Questions remain about the mechanism involved in this cleavage. In a few autotransporters, the cleavage reaction involves an exogenous protease. IcsA for instance, an autotransporter of Shigella flexneri, is cleaved by a dedicated outer membrane protease called IcsP, which is related to the OmpT protease found in E. coli (21) . Similarly, the Neisseria meningitidis serine protease NalP is specifically responsible for the partial processing of various autotransporters, including the IgA protease (22) , App (22) , AusI (23) , and MspA (24) . In contrast, the cleavage of AIDA-I is not mediated by the known E. coli periplasmic or outer membrane proteases (DegP, OmpT, or OmpP), and it occurs in E. coli as well as in Shigella or Salmonella strains (19) . Based on those observations, this processing has been suggested to be an autocatalytic event, even though no protease catalytic site can be identified in the protein.
Two types of autocatalytic processing mechanisms have been described in other autotransporters. The Hap autotransporter of Haemophilus influenzae (25) , the SphB1 protein of Bordetella pertussis (26) , and the NalP (22) , App (27) , and IgA proteases of N. meningitidis (28) cleave themselves by an endogenous serine protease domain. More recently, it was shown that the serine protease autotransporters of Enterobacteriaceae (SPATE) family cleave themselves in the ␣-helix located in the lumen of the membrane-embedded ␤-barrel by a catalytic reaction that involves an aspartate and a conserved asparagine (6, 29) . The same autocatalytic reaction has been shown for two distantly related B. pertussis autotransporters, pertactin and BrkA (29) . However, none of these mechanisms can be hypothesized for AIDA-I cleavage; AIDA-I possesses neither a serine protease domain like Hap nor the asparagine residue required for the SPATE cleavage. In addition, the AIDA-I cleavage site is not located in the ␣-helix. Thus, the mechanism of AIDA-I processing must be different and remains unknown.
The mechanisms by which a diversity of other autotransporters are cleaved remain unknown. This is for instance the case for the E. coli Ag43 self-associating autotransporters (30) , the Helicobacter pylori VacA cytotoxin (31), the Chlamydia pneumoniae polymorphic membrane proteins (32) , and the Ssp proteins of Serratia marcescens (33) as well as the cohemolysin Cfa (34) and the Arp immunogenic protein of Bartonella henselae (35) .
In this study we determined the mechanism of AIDA-I cleavage. We first showed that a truncated mutant of AIDA-I can refold in vitro and undergo self-cleavage, providing definite proof for the autocatalytic mechanism. By constructing sitedirected deletions and point mutations, we then showed that the catalytic domain lies in the region encompassing the amino acids between Ala-667 and Thr-953, and we identified two residues in the junction region, Asp-878 and Glu-897, that are essential for processing. Last, we confirmed that the mechanism of proteolysis for AIDA-I is intramolecular. This is the first report of this type of autocatalytic activity. Ϫ ), gal) were used in this study. Plasmid pAgH has been described before and allows expression of Aah and of AIDA-I tagged at the N terminus of the proprotein with six histidine amino acids and a glycine (His tag) (15) . All point mutations in the pAgH plasmids were introduced by oligonucleotide-directed mutagenesis with the QuikChange II site-directed mutagenesis kit (Stratagene) using the primers listed in Table 1 and their corresponding complementary oligonucleotides. The pAngH (allowing expression of AIDA-I without Aah), pAngH⌬SS (deletion of amino acids 1-49), pAngH⌬N (deletion of amino acids 54 to 225), and pAngH⌬C2 (deletion of amino acids 224 -667) plasmids were described elsewhere (36, 37) . The ⌬␣␤ deletion (deletion of amino acids 953-1286) was introduced into pAngH⌬SS also by site-directed mutagenesis using primers listed in Table 1 , generating the pAngH⌬SS⌬␣␤ plasmid. For glycosylation, we used plasmid pAah, a derivative of pACYC-184 described elsewhere (17) . Plasmid pACYC-AgH was obtained by subcloning in the pAah vector the DNA fragments from pAgH generated by restriction enzymes XbaI and BrsGI.
EXPERIMENTAL PROCEDURES
Functional Assays-The functionality of the uncleaved mutant pAgHD878N was determined by the functional assays for adhesion, autoaggregation, and biofilm formation, as previously described (15) .
Bacteria Growth and Induction Conditions-Bacteria containing the different plasmids were grown on Luria-Bertani (LB) agar plates or in LB broth containing 100 g⅐ml Ϫ1 ampicillin and, when required, 50 g⅐ml Ϫ1 chloramphenicol. Bacterial cultures were grown at 30°C and induced with 10 M isopropyl-␤-thiogalactopyranoside (IPTG) when they reached an optical density at 600 nm (A 600 nm ) of 0.8, unless indicated otherwise. This low concentration of IPTG was used to limit the toxicity associated with overexpression of AIDA-I. To produce inclusion bodies, bacteria were grown at 37°C until an A 600 nm of 0.8 and induced overnight with 1 mM IPTG.
SDS-PAGE and Immunoblotting-Protein samples were diluted in twice-concentrated SDS-PAGE loading buffer containing ␤-mercaptoethanol and denatured by heating at 100°C for 10 min. The samples were then separated by SDS-PAGE on 10% acrylamide gels. The gels were either stained with Coomassie Blue or transferred to polyvinylidene fluoride membranes (Millipore). Immunodetection was performed with anti-His antibodies (Applied Biological Materials) diluted 1:10,000 in blocking buffer (5% skim milk, 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Triton X-100). A rabbit anti-mouse horseradish peroxidase-conjugated antibody (Sigma) was used as a secondary antibody according to the instructions of the manufacturer. Immune complexes were revealed using a 3,3Ј,5,5Ј-tetramethylbenzidine solution for membranes (Sigma).
Whole-cell Extracts-Overnight cultures were grown, normalized, and centrifuged for 15 min at 12,000 ϫ g in microcen- 
trifuge tubes, and the pellets were resuspended in 100 l of phosphate-buffered saline. All samples were processed by SDS-PAGE and immunoblotting, as described above.
Analysis of the Intra-or Intermolecular Nature of AIDA-I Processing-Overnight cultures of E. coli C600 harboring plasmid pTRC99a, pAgH, or pAgHD878N were normalized at the same A 600 nm and co-incubated for 30 min at 30°C. The samples were pelleted, and whole-cell extracts were obtained as described above. Alternatively, whole-cell extracts of overnight cultures E. coli C600 harboring plasmids pTRC99a/pACYC184, pACYC-AgH, pAgHD878N, or pACYC-AgH and pAgHD878N simultaneously were prepared as described above. For the in vitro experiment, native AIDA-I proteins (wild type and D878N mutant) were purified as described below. Pure proteins were incubated separately or together for 30 min at room temperature or for 2 h at 4°C and resolved by SDS-PAGE, and the gels were stained with Coomassie Blue.
Purification of Native AIDA-I-The purification was performed as described previously (15) . Briefly, 1 liter of overnight cultures of C600 harboring plasmids pAgH or pAgHD878N were grown until an A 600 nm of 0.8 and induced with 10 M IPTG. Bacteria were harvested and resuspended in 50 ml of Tris-buffered saline (TBS: 50 mM Tris-HCl, pH 8, 150 mM NaCl) containing lysozyme (0.4 mg⅐ml Ϫ1 final concentration) and EDTA, pH 8 (10 mM final concentration), and lysed with a French press and an ultrasonic processor. Cellular debris was removed by low speed centrifugation. The lysate was centrifuged for 1 h in an ultracentrifuge at 250,000 ϫ g. The membranes were resuspended in TBS containing 1% Triton X-100, The filled box represents the His tag at the N terminus of mature AIDA-I. B, inclusion bodies containing the AIDA-I* protein were collected, solubilized in 0.1 M Tris-HCl, pH 8, 6 M guanidinium hydrochloride, and purified by immobilized metal affinity chromatography. Renaturation of the AIDA-I protein was performed by first exchanging the buffer on a 1-ml His trap HP column for 2 h with renaturation buffer (TBS, pH 8, 0.1% Triton X-100). The protein was then eluted and left at 4°C. At different times after buffer exchange, aliquots were taken and boiled in SDS-PAGE loading buffer. The proteins were then resolved by SDS-PAGE and the gel-stained with Coomassie Blue. The uncleaved (proprotein, circles) and cleaved (mature AIDA-I*, arrowheads) forms of the protein are indicated. The intensities of the bands were quantified and normalized to the maximal intensity. C, the WT and the uncleaved (D878N*) proteins 145 h after buffer exchange were separated by SDS-PAGE on a 16% Tris-Tricine gel. The star indicates the C-terminal cleaved peptide. D, far-UV CD spectra of the AIDA-I* protein at different times after buffer exchange. The ellipticities were recorded between 205 and 260 nm. E, the ellipticities at 218 nm were recorded at different times after the initial renaturation. MRE, mean residual ellipticity.
incubated for 1 h at room temperature, and centrifuged again. The solubilized membranes contained the histidine-tagged native AIDA-I. The proteins were purified using an Ä KTA purifier system with a 1-ml His Trap HP column (Amersham Biosciences) according to the instructions of the manufacturer. The purity of the purified proteins was confirmed by SDS-PAGE and staining with Coomassie Blue.
Purification of Inclusion Bodies and Refolding-One liter of E. coli BL21 harboring plasmid pAngH⌬SS⌬␣␤ or pAngH⌬SS⌬␣␤D878N and plasmid pAah were grown at 37°C until an A 600 nm of 0.8 and induced overnight with 1 mM IPTG to allow formation of inclusion bodies. Bacteria were harvested and resuspended in 50 ml of TBS containing a proteases inhibitor mixture (Complete EDTA-free, Roche Applied Science) and lysed with a French press and an ultrasonic processor. Cellular debris was removed by low speed centrifugation. Inclusion bodies were collected by centrifugation at 4000 ϫ g for 75 min. The pellets were resuspended in 30 ml of denaturing buffer (0.1 M Tris-HCl, pH 8, 6 M guanidinium hydrochloride) and centrifuged again at 16,000 ϫ g for 1 h to remove any debris. Denatured proteins were purified using an Ä KTA purifier system with a 1-ml His Trap HP column as above. Renaturation of the AIDA-I* protein was performed by first exchanging the buffer on a 1-ml His trap HP column for 2 h with renaturation buffer at pH 8. After elution, an equal amount of protein was diluted in buffer with different pH values (50 mM sodium citrate, pH 4 or 6; 50 mM Tris, pH 8; 50 mM sodium carbonate, pH 10, all supplemented with 150 mM NaCl and 0.1% Triton X-100) and left at 4°C. A, far-UV CD spectra of the AIDA-I* protein at different times after buffer exchange for pH4 (top) pH 6 (middle) or pH 10 (bottom). The ellipticities were recorded between 205 and 260 nm. MRE, mean residual ellipticity. B, at different times after the buffer exchange aliquots were taken and boiled in SDS-PAGE loading buffer. C, limited proteolysis at 145 h after buffer exchange was performed as described in Fig. 2 . For pH 4, the proteolysis was performed after a pH shift at pH 8. The proteins were resolved by SDS-PAGE and the gel-stained with Coomassie Blue. The uncleaved (proprotein, circles) and cleaved (mature AIDA-I*, arrowheads) forms of the protein are indicated.
Renaturation of the proteins was performed by a progressive replacement of the denaturing buffer with the renaturation buffer (TBS, pH 8, 0.1% Triton X-100, 100 M phenylmethanesulfonyl fluoride, and Complete EDTA-free proteases inhibitor mixture) on a 1-ml His trap HP column for 2 h. The proteins were then eluted, and the imidazole was immediately eliminated using a PD-10 desalting column (Amersham Biosciences). The proteins were then kept at 4°C for renaturation to proceed.
To study the effect of pH on the in vitro folding of AIDA-I, the initial renaturation was performed as above, except that the buffer contained 2 mM Tris-HCl, pH 8, rather than 50 mM TrisHCl, pH 8. An equal amount of protein was diluted to a final concentration of 250 g⅐ml Ϫ1 in buffers with different pH values (50 mM sodium citrate, pH4 and pH 6; 50 mM Tris-HCl, pH 8; 50 mM sodium carbonate, pH 10, all supplemented with 150 mM NaCl, 0.1% Triton X-100, 100 M phenylmethanesulfonyl fluoride, and Complete EDTA-free) and left at 4°C. 1 M TrisBase was used to shift the pH from pH 4 to pH 8.
For the mass spectrometry experiment, the proteins (native or refolded in vitro) were reduced before in-gel digestion with trypsin. Tryptic peptides were separated with a SB-C18 ZOR-BAX 300 reverse-phase column, and mass spectra were recorded on a hybrid linear ion trap-triple quadripole mass spectrometer (Q-Trap; AB Applied Biosystems) equipped with a nanoelectrospray ionization source (F. Lépine, IAF-INRS, Laval, Canada).
Limited Proteolytic Digestion-Pure native proteins (wild type or D878N mutant) were incubated on ice for 30 min in the presence of different concentrations of trypsin, varying between 167 and 1 g⅐ml Ϫ1 (final concentration). Alternatively, the renatured proteins were incubated on ice for 30 min in the presence or absence of trypsin at a final concentration of 37 g⅐ml Ϫ1 . Proteolysis was stopped by boiling samples for 10 min in SDS-PAGE loading buffer. All samples were processed by SDS-PAGE and Coomassie Blue staining as described above.
Far-UV Circular Dichroism (CD) Spectroscopy-Far-UV CD spectra were recorded in a 0.1-cm-path length cuvette between 205 and 260 nm using a spectropolarimeter (model J-810; Jasco spectroscopic Co. Ltd.). For each spectrum, 15 accumulations were averaged. Thermal denaturation was followed by monitoring the ellipticity at 218 nm with the temperature varying between 25 and 80°C at a rate of 5°C per min. Proteins concentration for all CD experiments was 190 g⅐ml Ϫ1 in TBS containing 0.1% Triton X-100. Ellipticities were converted to mean residual ellipticities.
Structure Prediction and Alignment-The three-dimensional structural model of the junction region and the cleavage site of AIDA-I (amino acids Ile-807-Leu-956) were constructed using the Phyre program (38) and is based on the known crystal structure of B. pertussis pertactin (39) . The schematic representation was generated using the PyMol software (Delano Scientific LLC). Sequence alignment was performed using the BLOSUM 62 matrix, with the Geneious Pro 4.0.2 software (Biomatters Ltd.).
RESULTS

A Purified Mutant of AIDA-I Undergoes Self-cleavage in Vitro-
As AIDA-I cleavage is thought to be autocatalytic, we decided to purify the unfolded glycosylated proprotein and monitor the in vitro folding and appearance of cleavage. To achieve this goal, we first used a previously described variant of AIDA-I without a signal sequence that remains confined in the cytoplasm (36) . This mutant was co-expressed with the glycosyltransferase Aah, as glycosylation is important to ensure the normal conformation of the protein (17) . At high levels of induction with IPTG, the AIDA-I proprotein forms inclusion bodies (data not shown). The inclusion bodies can be solubilized with 6 M guanidinium hydrochloride, and the uncleaved form of the protein can be purified by affinity chromatography with the help of an N-terminal six-histidine tag. We were, however, unable to refold this protein even when we tried a broad spectrum of buffers and conditions (data not shown). We hypothesized that the presence of the ␤-barrel is incompatible with correct folding of the entire protein in vitro. To solve this problem we used a mutant of the signal sequence-less version of AIDA-I, which we called AIDA-I* and lacks the ␣-helix and the ␤-barrel but can still be cleaved (Fig. 1A) . The uncleaved AIDA-I* protein was solubilized from inclusion bodies in 6 M guanidinium hydrochloride and purified. Renaturation was performed by exchanging guanidinium hydrochloride with a renaturation buffer. Cysteine and serine protease inhibitors were added to the renaturation buffer to limit the risk of an unspecific cleavage being mediated by contaminating proteases. As shown in Fig. 1B , mature AIDA-I* becomes detectable 43 h after buffer exchange and increases in quantity throughout the experiment. Furthermore, the appearance of the mature AIDA-I* is concomitant with a reduction in the amount of proprotein. The time course of mature AIDA-I* appearance could be fitted to a single exponential with a rate constant of 0.53 Ϯ 0.19 min Ϫ1 (Fig. 1B) . We used a 16% TrisTricine gel to visualize the C-terminal peptide that would result from the cleavage of the proprotein into mature AIDA-I*. As shown in Fig. 1C , the 11-kDa fragment appears after renaturation of the protein but is absent from an uncleaved mutant, used as control (see below). This experiment shows that AIDA-I is processed by an autocatalytic event. We noted, however, that this in vitro cleavage was less efficient than the fast and complete cleavage that is usually observed in bacteria expressing AIDA-I. Indeed, uncleaved protein remains even after 6 days of renaturation. This could be due to slow and incomplete folding, as shown below.
We used mass spectrometry on in vitro refolded mature AIDA-I* to determine the precise location of the cleavage observed. As expected, the same C-terminal peptide as for native AIDA-I, 837 NIILNPTKES 846 , was found, confirming that the cleavage occurs at the usual site during the in vitro refolding, between Ser-846 and Ala-847 (19) . To exclude the possibility that cleavage resulted from a contaminating protease, we performed refolding experiments with a variant of AIDA-I* bearing a point mutation in one putative catalytic residue (mutant detailed below) and showed that this protein is not cleaved in the same conditions (Fig.  1C) . Taken together, those results are the first direct proof of an autocatalytic cleavage activity for the AIDA-I autotransporter.
Correlation between Folding and Cleavage-The appearance of mature AIDA-I* is strikingly slow, taking more than 1 day. Protein folding is generally thought to be faster, with folding rates calculated in seconds. However, extremely slow in vitro folding was already observed with the native pertactin (40) , which possesses the same ␤-helical structure that is predicted for AIDA-I (39). We then wanted to gain insights in the folding kinetics of AIDA-I to assess if cleavage could correlate with protein folding. Evidence of the in vitro folding of AIDA-I* was obtained by monitoring the changes in the far UV CD signal of the protein. As shown in Fig. 1D , gain of structure was evident in the CD signal over time after exchange with renaturation buffer, but the appearance of secondary structure was remarkably slow. The time course monitored at 218 nm (Fig. 1E) can be fitted to a single exponential with a rate constant of 0.74 Ϯ 0.17 min Ϫ1 , which is consistent with the kinetics of appearance of mature AIDA-I.
To confirm this observation, we used a common characteristic of folded protein; that is, resistance to proteolysis. At different time points during refolding, a sample was submitted to a 30-min protease treatment. Most of mature AIDA-I* was resistant to the protease at all time points where it was visible, whereas the proprotein was completely susceptible (Fig. 2) . Taken together, these results strongly suggest that mature The numbering of amino acids corresponds to the position in full-length pre-proprotein. B, whole-cell lysates were obtained from overnight cultures of C600 harboring an empty vector (Ϫ), plasmid pAgH (WT), or one of the plasmids bearing a point mutation in pAgH. Proteins separated by SDS-PAGE were probed by immunoblotting with antibodies against the His tag, which allowed the detection of the proprotein (Pro., circles) and the mature AIDA-I (arrowheads).
AIDA-I* is indeed folded and that folding and cleavage of AIDA-I* are two closely related events.
Effect of pH on the in Vitro Refolding of AIDA-I*-
The efficiency of AIDA-I* in vitro folding was examined at pH 4, 6, and 10. We observed that the refolding buffer used had a marked effect on the refolding kinetics of AIDA-I*. At pH 10, the protein remains unfolded, even 145 h after buffer exchange (Fig.  3A) . No cleavage was apparent at all time points (Fig. 3B) , and the protein was completely susceptible to protease digestion (Fig. 3C) , confirming the absence of renaturation at pH 10. At pH 6 the renaturation of AIDA-I* was close to what we observed at pH 8, with a similar folding rate, cleavage kinetics, and protease resistance (Fig. 3) .
At pH 4, the protein appeared to be almost completely folded immediately (Fig. 3A) . However, it was uncleaved and remained uncleaved even after 6 days (Fig. 3B) . Because charged residues are involved in the cleavage (see below), we shifted the pH back to pH 8 in the hope to trigger cleavage. Even 145 h after the pH shift, no cleavage was observed (Fig. 3C and data not shown) . Surprisingly, the protein was partially susceptible to added trypsin, leaving a stable fragment of ϳ23 kDa (Fig. 3C) , in sharp contrast with the protein refolded at pH 6 or 8. These results suggest that the renaturation of the AIDA-I* protein at pH 4 is fast but aberrant, an observation that could explain the absence of proteolytic cleavage. Taken together, these results highlight a striking pH dependence of AIDA-I* in vitro folding. In addition, these experiments reinforce the observation that cleavage is closely related to the proper folding of the protein and argue that the in vitro cleavage we observed is significant and specific.
Mapping of the Region Involved in AIDA-I Cleavage-To support our model of autocatalytic cleavage, we decided to map the region of the protein involved in the cleavage reaction. To address this question, we used different deletion mutants and assessed the capacity of the resulting proteins to process themselves. The AIDA⌬N (deletion of amino acids 45-225), AIDA⌬C2 (deletion of amino acids 224 -667), AIDA⌬SS (deletion of the entire signal sequence, amino acids 2-49), and the AIDA-I* mutant were tested for their ability to process themselves (Fig. 4A) . All mutants were coexpressed with the glycosyltransferase Aah, and whole-cell lysates were probed with antibodies against the His tag. As shown in Fig.  4B , all deletion mutants were cleaved, with appearance of mature proteins at the expected sizes. For the AIDA⌬C2 protein, two different bands appeared, one at the expected size and another one slightly lower that may correspond to a degradation product. We have previously observed that this mutant is indeed unstable (37) . Overall, these results suggest that the AIDA-I catalytic site is located between Ala-667 and Thr-953, a region encompassing the conserved junction domain of autotransporters (amino acids Thr-851 to Leu-952) as well as a part of mature AIDA-I including the cleaved peptidic bond (between Ser-846 and Ala-847).
Two Acidic Residues Are Required for AIDA-I CleavageNone of the classical sequences for aspartyl, serine, or metalloproteases could be identified in AIDA-I. Furthermore, as this protein lacks cysteine residues, we ruled out the possibility of cysteine protease activity. Other autotransporters of E. coli belonging to the SPATE family are autocatalytically cleaved by a novel mechanism involving an asparagine and an aspartate residue embedded in the ␤-barrel (29) . Also, some bacterial aspartate proteases do not possess the classical D(S/T)G consensus motif, as for instance is the case with omptins (41). We, therefore, hypothesized that aspartate residues may be responsible for AIDA-I cleavage.
To test this hypothesis we exchanged several aspartate residues between Ala-667 and Thr-953 with alanines (Fig. 5A ). This amino acid was chosen because it is less likely to negatively influence the catalytic activity and the folding of the mutated proteins. For all mutants, whole-cell lysates were obtained and probed with antibodies against the His tag. As shown in Fig. 5B , most of the mutations did not affect the biogenesis or the cleavage of the protein. For the D878A mutant, however, only the proprotein form was observed, suggesting an inhibition of cleavage. The fact that processing is completely abolished strongly suggests that this aspartate plays a catalytic role. To test the requirement for the carboxyl group of the aspartate in position 878, as would be expected if it were to be catalytic, we changed this amino acid by an asparagine or by a glutamate. Conservation of the carboxyl group maintained the cleavage, whereas the modification by an asparagine residue abolished completely the processing of AIDA-I.
As aspartic proteases usually form a catalytic dyad or triad, we decided to change into alanines some of the polar amino acids around Asp-878. We chose Glu-845, Asn-849, Glu-871, Asn-874, Arg-879, and Glu-897. The cleavage was slightly altered in two mutants, E845A and N849A, which are localized near the cleavage site. One mutation, however, E897A, resulted in the complete abolition of processing. The cleavage was still inhibited when the glutamate was changed into glutamine, highlighting a role for this second carboxyl group in the cleavage reaction. We also modified all aspartate residues (Asp-1021, -1078, -1117, -1170, -1175, -1233, -1234) predicted to be located in the extracellular loop of the ␤-barrel of AIDAc and which, therefore, could potentially be spatially close to the cleavage site, but none of the mutations resulted in a reduction of the processing (data not shown). Taken together, our results suggest that Asp-878 and Glu-897 form a catalytic dyad of carboxylic amino acids, which is common in aspartic proteases.
Characterization of the D878N Uncleaved Mutant-We compared the adhesive, self-aggregation, and biofilm formation activities mediated by the uncleaved D878N mutant and the WT protein. We observed that the D878N mutant is as functional as the wild type in all assays (data not shown). This is consistent with our previous observation obtained with a protein mutated at the cleavage site (15) . The diminished AIDA-I cleavage in this mutant did not affect the functionality of the protein.
We purified the WT and the D878N proteins from the outer membrane in their native conformations and compared their secondary structure, stability, and relative protease resistance. The far UV CD spectrum for the D878N mutant is slightly different from the spectrum of the WT protein (Fig. 6A) . However, by following the thermal denaturation at 218 nm continuously while changing the temperature between 25°C and 80°C, we observed that the thermal denaturation of the two proteins is almost identical (Fig. 6B) . Last, the conformation of the uncleaved mutant was assayed by protease resistance, and as illustrated in Fig. 6C , the two proteins showed the same resistance to trypsin, in agreement with the thermal denaturation. We noted that it is only AIDAc that seems to be sensitive to the protease but did not investigate further. Overall, these results show that the uncleaved mutant behaved almost indistinguishably from the wild-type protein.
In Vitro Refolding of the D878N Uncleaved Mutant-We then wanted to compare the in vitro refolding kinetics of the D878N mutant with that of the wild-type protein. We introduced the D878N mutation in the plasmid pAngH⌬SS⌬␣␤, generating the D878N* protein. We purified D878N* from inclusion bodies and performed the in vitro renaturation as FIGURE 7 . Renaturation and folding kinetics of D878N* mutant. The D878N* protein was purified as described in Fig. 1 . A, at different times after buffer exchange, aliquots were taken and boiled in SDS-PAGE loading buffer. The proteins were then resolved by SDS-PAGE, and the gel was stained with Coomassie Blue. The uncleaved (proprotein D878N*, circles) form of the protein is indicated. B, far-UV CD spectra of the D878N* protein. The ellipticities were recorded between 205 and 260 nm. The CD spectrum of the WT AIDA-I* after 145 h of renaturation is indicated. C, the ellipticities at 218 nm were recorded at different times after the initial renaturation. MRE, mean residual ellipticity. D, limited proteolysis was performed as described in Fig. 2 . The proteins were resolved by SDS-PAGE, and the gel was stained with Coomassie Blue.
described above with the wild-type protein. As shown in Fig.  7A , in contrast to the WT protein, the D878N* mutant remained in the uncleaved form, even 145 h after the buffer exchange. The absence of cleavage was confirmed by the lack of the 11-kDa peptide that was present with the wild-type AIDA-I* protein (Fig. 1C) .
We also monitored the changes in the far UV CD of D878N*. As was the case with the WT protein, the folding of the uncleaved mutant was especially slow (Fig. 7B) . As observed above with the native proteins, we noted a small difference in the final CD spectrum for the D878N mutant in comparison to the WT protein. Again, this suggests the existence of a subtle difference in secondary structure between the two proteins. The refolding time course monitored at 218 nm could be fitted to a single exponential with a rate constant of 1.09 Ϯ 0.39 min
Ϫ1
, similar to the kinetics of the wild-type protein (Fig. 7C) . To confirm the renaturation of the D878N mutant, we submitted the protein to a 30-min protease treatment. As shown in Fig.  7D , the percentage of protein resistant to protease increased with time, confirming the in vitro refolding of this protein.
Taken together, these results suggest that the in vitro folding kinetics of the AIDA-I* and the D878N* proteins are similar, arguing that in vitro cleavage observed with wild-type AIDA-I* is directly linked to the presence of the amino acid Asp-878.
AIDA-I Is Cleaved by an Intramolecular Mechanism-In a previous publication we showed that the cleavage of AIDA-I was independent of its expression level (15) . This observation was consistent with an intramolecular processing but proof that this is indeed the case is still missing. We performed the in vitro refolding at concentrations of AIDA-I* varying between 150 and 400 g⅐ml Ϫ1 to evaluate the effect of protein concentration on the kinetics of cleavage. The appearance of mature AIDA-I* fitted single exponentials with rate constants that were not significantly different (0.77 Ϯ 0. 22 , and 0.52 Ϯ 0.18 min Ϫ1 at 400 g⅐ml Ϫ1 ). The independence of cleavage from protein concentration suggests an intramolecular reaction. In addition, we purified the WT and D878N proteins in their native conformation and incubated the two proteins together. As shown in Fig. 8A , the level of D878N proprotein remained unchanged even after 2 h of incubation with the WT protein, showing that no intermolecular cleavage could be observed. A similar experiment was performed in vivo with bacteria expressing the WT or D878N proteins. After coincubation of the two bacterial cultures for 30 min, no intermolecular cleavage was observed (Fig. 8B) . Last, we expressed both proteins on the surface of the same bacteria. As shown in Fig. 8C , the D878N mutant remained uncleaved in the presence of a functional wild-type protein. Taken together, these results showed that autoproteolysis of AIDA-I is intramolecular.
DISCUSSION
In this study we proved the autocatalytic nature of the cleavage of the AIDA-I autotransporter by following the in vitro refolding of a mutant lacking its C-terminal ␣-helix and ␤-barrel. We noted that in vitro cleavage was less efficient that processing in vivo. This could be because of incomplete folding. Indeed, we observed that folding and processing occur at similar rates, which strongly suggests that the two events are closely related. This observation is also evidence against the cleavage, resulting from a contaminant protease, as the folding of AIDA-I is strikingly slow, and an exogenous protease would most likely cleave AIDA-I faster. Furthermore, we observed that the in vitro refolding of AIDA-I is dramatically pH-dependent and without folding (pH 10), or with an aberrant folding (pH 4) the protein remains uncleaved, showing more evidence of a strong association between folding and cleavage.
We identified by deletion analysis a 286-amino acid region directly involved in the processing of AIDA-I. This region includes the junction domain, which ends just before the cleavage site and the C-terminal part of the AIDA-I functional domain. We chose to mutate acidic residues of this region because of the observation that in vitro refolding and processing of AIDA-I occurred even in the presence of serine and cysteine protease inhibitors. Some acidic proteases, like the omptin family, rely on catalytic aspartate residues that cannot be identified by classical consensus motifs (42) . We found that FIGURE 8 . Intramolecular cleavage of AIDA-I. A, wild-type AIDA-I (WT) or the uncleaved (D878N) proteins were incubated separately or together for 30 min at room temperature and resolved by SDS-PAGE, and the gel was stained with Coomassie Blue. B, whole-cell lysates were obtained from overnight cultures of E. coli C600 harboring plasmids pTRC99a (Ϫ), pAgH (WT), or pAgHD878N (D878N) coincubated for 30 min at 30°C. The samples were resolved by SDS-PAGE and probed with anti-His tag antibodies, which allowed the detection of the proprotein (circle) and the mature AIDA-I (arrowheads). C, whole-cell lysates from overnight cultures of E. coli C600 harboring plasmids pTRC99a and/or PACYC184 (Ϫ), pAgH, pACYC-AgH, pAgHD878N, or pACYC-AgH and pAgHD878N were resolved by SDS-PAGE and probed with anti-His tag antibodies.
Asp-878 and Glu-897 in the junction region are involved in the processing of AIDA-I. The complete elimination of cleavage when these residues are mutated strongly suggests that they play a catalytic role. Mutations that preserve the acidic side chain were tolerated, giving more evidence that the carboxylic acid groups are directly involved in catalysis. The requirement of Asp-878 for catalytic activity was confirmed by in vitro refolding experiments with the D878N mutant, showing that it can refold but remains uncleaved. We observed that the uncleaved mutant presents a normal global conformation, as this mutant is as functional and as stable as the wild-type AIDA-I. Last, we confirmed that the cleavage of AIDA-I relies on an intramolecular mechanism of processing.
As shown in Fig. 9 , our results are consistent with a threedimensional structural model of the junction region and the AIDA-I cleavage site (the amino acids between Ile-807 and Leu-956), which we generated using the known crystal structure of B. pertussis pertactin (39) . This model predicts that Asp-878 and Glu-897 are located close to the cleaved peptidic bond, which is found in a loop. This gives an explanation as to why folding and cleavage occur at similar rates; the junction domain of AIDA-I and the region encompassing the cleavage site have to be properly folded for the correct positioning of the catalytic residues in relation to the cleaved peptidic bond. The model also explains why mutations such as E845A or N849A lead to a decrease in the processing efficiency, as these changes would likely destabilize the loop bearing the bond that has to be cleaved.
The mechanism of autocatalytic cleavage we describe here for AIDA-I is unique among the monomeric autotransporter family. Alignment of the junction region sequences of several autotransporters highlights that Asp-878 of AIDA-I is conserved among autotransporters whether they are processed or not (Fig. 9) . However, Glu-897 is unique to AIDA-I among autocatalytic-cleaved autotransporters, which could explain why this mechanism of proteolysis is unique to AIDA-I. Our model also differs from the two previously described intramolecular mechanisms of cleavage for autotransporters; that is, the processing mediated either by endogenous serine protease domains or SPATE and pertactin-like autotransporters.
The cleavage mechanism for several other autotransporters, including the Ag43 aggregation factor, remains unknown. As Ag43 and AIDA-I are closely related in sequence and possess similar functional features (18) , it is tempting to hypothesize that a similar mechanism of processing involving carboxylic amino acids exists for Ag43. However, Ag43 is cleaved at a different site compared with the one of AIDA-I (43) and in a region that has only poor homologies with known autotransporter structures.
The question of the function of AIDA-I cleavage remains. In autotransporters that are cleaved the processing can play different roles, such as the release of cytotoxic domains in the extracellular milieu (44) , keeping a protein localized at a pole (45), or controlling the expression level of an adhesin (46) . The intramolecular nature of AIDA-I processing excludes the possibility that it serves to regulate the protein level at the surface of the bacteria. In addition, we did not observe that cleavage is important for function, as uncleaved mutants resulting from mutations of the catalytic residues or mutations of the residues of the cleaved peptidic bond are as functional as the wild-type protein. This puzzling observation is at least consistent with the fact that we could not find any conditions that lead to the release of mature AIDA-I in the extracellular milieu (15) . We can hypothesize that in the context of an animal infection, a specific condition may cause the release of mature AIDA-I, which would be beneficial for the bacteria, for example to escape the immune response. Alternatively, cleavage could generate a new unique surface representing an interaction site with other unknown proteins or host factors, which could play a role during infection. This mechanism was recently observed with the EscU protein, a structural component of the inner membrane ring of the type-three secretion system in E. coli (47) . This last hypothesis would be consistent with the small differences we observed between CD spectra for the D878N mutant and the WT protein in their native conformations or after in vitro folding.
Self-processing of autotransporters is a frequent feature and occurs by a variety of different mechanisms, with our study providing yet another one. This diversity is quite surprising and strongly suggests that this processing plays an important role. Further investigation is, therefore, required to establish what this role might be in the case of AIDA-I.
